Aims. Measure the Sloan g' magnitudes of the SpaceX STARLINK-1130 (Darksat) and 1113 LEO communication satellites and determine the effectiveness of the Darksat darkening treatment at 475.4 nm. Methods. Two observations of the SpaceX STARLINK Darksat LEO communication satellite were conducted on 2020/02/08 and 2020/03/06 using a Sloan r' and g' respectively. While a second satellite, STARLINK-1113 was observed on 2020/03/06 using a Sloan g' filter. The initial observation on 2020/02/08 was a test observation when Darksat was still manoeuvring to its nominal orbit and orientation. Based on the successful test observation, the first main observation was conducted on 2020/03/06 along with an observation of a second STARLINK satellite.
Introduction
In May 2019, SpaceX launched the first batch of 60 STARLINK LEO communication satellites. Due to their low orbit (550km) the satellites are bright enough to be seen by the naked eye and has caused major concern in both the amateur and professional astronomical communities (see IAU press release, 2019/06/03 and IAU press release, 2020/02/12). Recently, Hainaut & Williams (2020) examined the impact on ESO telescopes in the optical and NIR, which suggests that the greatest impact from the LEO communication satellites will be on ultra-wide imaging exposures from large telescopes (e.g., National Science Foundation's Vera C. Rubin Observatory, formerly known as LSST).
SpaceX has received approval by the U.S. FCC (Federal Communications Commision) to have 12 000 STARLINK LEO communication satellites in orbit (FCC Authorization Report and FCC statement). SpaceX have since applied to the international radio-frequency regulator for a further 30,000 STARLINK LEO communication satellites to be placed in low orbit 1 (328 km to 580 km). The threat to ground-based optical and radio astro-1 Spacenews.com accessed on 2020/03/01 nomical research, from the STARLINK mega-constellations is still being evaluated by the AAS and IAU and SpaceX has offered to work with the astronomical community to reduce the brightness of their STARLINK satellites 2 .
At 02:19 UTC on January 7 th 2020, SpaceX launched its third batch of STARLINK LEO communication satellites, one of which dubbed "Darksat" was given an experimental darkening "treatment" on one side, to reduce its reflective brightness (SpaceX press kit, January 2020), though the exact details of this treatment has not been published.
We present the first ground based observations of the Darksat LEO communication satellite (observed on 2020/02/08 and 2020/03/06), using a 0.6 m aperture telescope in northern Chile 3 . The observations were obtained using a Sloan g' and r' filter. Observations in other passbands, instruments, telescopes and observatories are still ongoing. We then calculate the integrated intensity of the Darksat satellite trail and compared the result to the integrated intensity of surrounding comparison stars to determine the magnitude of Darksat in the two filters, along with an additional STARLINK LEO communication satellite, STARLINK- 
Observations
Two observations of Darksat (STARLINK-1130) were observed on 2020/02/08 and 2020/03/06, while STARLINK-1113 was observed on 2020/03/06, using the Chakana 0.6 m telescope at Universidad de Antofagasta's Ckoirama observatory in northern Chile. The instrument used was a FLI ProLine 16801 camera, operated with a Sloan r'(2020/02/08) and g' (2020/03/06) filter. In this setup, the CCD covers a field of view of 32.4 × 32.4 arcmin with a pixel scale of 0.47 arcsec pixel −1 . An initial test observation was performed on 2020/02/08, to determine the accuracy of our telemetry and positional code for STARLINK satellites and the effectiveness of our observing technique. Our telemetry code retrieves the STARLINKs TLE data from the Celestrak website. Then using the longitude (24.1 • west) and latitude (69.9 • south) of the Ckoirama observatory, calculates the time (UTC) and position of the desired STARLINK satellite in the night sky (azimuth, elevation, RA, and DEC) along with the RA, DEC and zenith angle of the Sun. Table 1 gives an observing log of the observations presented in this work, including the test observation.
The observation conducted on 2020/03/06 of Darksat was the first observation, where Darksat had reached its nominal orbital height (550 km) and orientation. Therefore, it is not straight forward to directly compare the results from the test observation of Darksat and the observation from 2020/03/06, due to once reaching their nominal orbit, the STARLINK satellite's orientation changes and become significantly less visible from the ground (SpaceX press kit, January 2020).
The observations of both Darksat and STARLINK-1113 conducted on 2020/03/06 used a Sloan g' filter (475.4 nm, FWHM 138.7 nm), to give the best approximation to the visual band (550 nm). Fig. 1 shows the geometric orientation of the STAR-LINK satellites with respect to the Sun and observer.
With the specified RA and DEC for the given times and dates we were able to preset the telescope pointing to the required coordinates prior to the arrival of Darksat and STARLINK-1113. For the test observation on 2020/02/08 no binning was used, to give a higher precision measurement of the Darksat trail in the acquired image. The readout time for a full frame non-binned image of the FLI ProLine 16801 camera, is ≈ 11.2 s. Using the existing TLEs we calculated that Darksat had an sky-projected velocity of ≈ 1350 arcsecs s −1 . For a 11.2 s readout time, Darksat would transverse over 15 000 arcsec (over 32 000 pixels). Therefore to reduce the likelihood of Darksat passing through the field of view during readout, the exposure time was set at 8 s, minimising the dead-time ratio. After the successful test observation it was decided for future observations to reduce the exposure time in an attempt to capture the full satellite trail within the field of view. Once a STARLINK satellite had finished manoeuvring to its nominal orbit, the TLE data showed that at the apex of the STARLINK satellite's trajectory, the sky-projected velocity of the satellite was on the order of a few degrees per second (just as in the test image), which was not practical for a field of view of 32.4 × 32.4 arcmin combined with a readout time of 11.2 s. The TLE data did show that the sky-projected velocity of the satellite reduced by an order of magnitude at an elevation just above 30 • . To reduce the readout time to 1.7 s, the observations on 2020/03/06 used 4 by 4 binning. The exposure times (see Table 1 ) were set based on the sky-projected velocity of the satellites (1.5 s for Darksat and 2 s for STARLINK-1113).
The raw Flexible Image Transport System (FITS) files were calibrated using standard bias and flat-field corrections. After calibration, aperture rings were placed around each comparison star and the total integrated intensity was determined after subtraction of the sky background. In short, single image aperture photometry was performed for each comparison star.
Examining a section of the Darksat satellite trail from the test observation, it can be seen that there is a sharp cut-off between the trail Point Spread Function (PSF) and sky background along the trail length (see Fig. 2 ). From this we set two parallel boundary lines along the trail length and calculated the total integrated intensity after subtracting the sky background. 
Data Analysis
The integrated intensity of the satellite trail PSF was compared to the integrated intensity of each comparison star from the same image, to give a differential magnitude. The differential magnitude was used to determine the apparent magnitude of the satellite trail, using the apparent magnitude of the comparison stars found in the literature. Beforehand, the apparent magnitude of the comparison stars was corrected for the airmass of the observation.
The test observation (2020/02/08) contained three suitable comparison stars. However, a literature search revealed, that the magnitudes had only been determined in the Johnson passbands (Tycho-2 catalogue: Høg et al. 2000 ; Second U.S. Naval Observatory CCD Astrograph Catalog: Zacharias et al. 2004) and Gaia DR 2 (Gaia Collaboration et al. 2018) . The IDL 4 (Interactive Data Language) INTERPOL routine was used to interpolate the Sloan r' magnitudes for the three comparison stars from the test observation using published magnitude values (B to K). The comparison stars in the Darksat and STARLINK-1113 observations conducted on 2020/03/06, fortunately have published Sloan g' magnitudes (Munari et al. 2014) , which allowed a direct calculation of the Darksat and STARLINK-1113 apparent magnitudes in the Sloan g' passband. The details of the comparison stars used in this work, are given in Table 2 . Fig. 3 shows the FITS images of the observations presented in this work, with the comparison stars listed in Table 2 labelled. Due to the STARLINK satellite trails in the observations not wholly within the field of view, means that only an upper and estimated magnitude can be determined from the observations. The upper magnitude limit was calculated using the integrated intensities of the observed satellite trails, to ascertain a lower bound for the differential magnitude between the STARLINK satellite trails and the corresponding comparison stars. This leads to an fainter Limit of the magnitude for the STARLINK satellites. The results are presented in Table 3 .
To determine an estimated differential magnitude, we multiply the integrated intensity of the trail by the ratio between the observed and estimated trail lengths (see Table 4 ). For the observation of Darksat conducted on 2020/03/06 the observed and 4 For further details see http://www.harrisgeospatial.com/ProductsandTechnology/Software/IDL.aspx . estimated trail lengths are in agreement with their 1-σ uncertainties, indicating that we were successful in capturing the full trail length in the image. However, upon inspection of the trail in the image, the trail ends a pixel from the CCD edge, making it difficult to confirm this. Therefore, we provide both an estimated and fainter Limit for the magnitude of Darksat. The estimated differential magnitudes between the estimated STARLINK satellite trails and the comparison stars are presented in Table 3 . When calculating the estimated magnitude for Darksat in the test observation we found the trail length to be 3412 ± 58 pixels, in the test image. As mentioned in Section 2 the estimated trail length from the TLE data showed a trail length of 1347 arcsecs s −1 , which for an eight second exposure, equates to 10770 arcsecs s −1 or 22 900 pixels. This allows us to estimate that during the test image, the estimated brightness of Darksat is ≈ 6.7 times (-2.0 mag) the value acquired in the test image.
The calculated magnitudes given in Table 3 for the respective observations, each have a different range to the STARLINK satellite observed. The orbital height becomes the range when the satellite passes at the local zenith to the observer. Therefore, to discern the reflectivity ratio between Darksat and other STAR-LINK satellites, requires that the magnitude is normalised to the nominal orbital height, 550 km (i.e., observed at local zenith), including the correction for a zenith airmass. In Table 4 we report the scaled estimated and fainter Limit magnitudes observed on 2020/03/06 for a range of 550 km. We do not include the estimated and fainter Limit magnitudes of the test observation from 2020/02/08. As mentioned in Section 2, after the manoeuvring phase, the orientation of Darksat changes. Hence, the two observations of Darksat are of two different surfaces, and would require too many assumptions to give an accurate result.
The results given in Table 4 show that when at a range of 550 km, Darksat is dimmer than STARLINK-1113 by 0.88 ± 0.05 mag in the Sloan g' passband. This equates to 55 % ± 4.8 % reduction of reflective solar flux.
Summary and Discussion
The successful test observation of the SpaceX Darksat confirmed that our telemetry code was able to provide an accurate time and position to observe the Darksat satellite trail. While, the test observation conducted on 2020/02/08 was to check the telemetry code and observing strategy, the data provided, allowed for the first time, an fainter Limit and estimated Sloan r' magnitude of Darksat, while manoeuvring to its nominal orbit.
The test observation conducted on 2020/02/08, confirmed the accuracy of our telemetry and positional code, to allow observations of SpaceX STARLINK LEO communication satellites. The . This is compounded with the satellite's krypton 5 -powered ion thruster which is Earth facing during this period, adding to its brightness 6 . Its magnitude was well within the naked-eye sensitivity of a casual observer. Therefore, during deployment phase all satellites (depending on the exact orientation) will have a serious impact not only on the natural darkness of the sky (see IDA Press Release ; Gallozzi et al. 2020 ), but on professional astronomical observations, in particular for large field of view sur-5 Krypton lasers produce wavelengths in the yellow (568.2) and red (647.1 nm) parts of the visible spectrum. 6 see Tech Crunch accessed on 2020/03/13. vey telescopes (Hainaut & Williams 2020) . This will also be the case during the deployment phase for satellites intended to be deployed at relatively lower orbits.
The results from the observation of Darksat conducted on 2020/03/06 gives an estimated magnitude in the Sloan g' passband of 7.57 ± 0.04 at a range of 976.50 km. While the observation of STARLINK-1113 conducted on 2020/03/06 gives an estimated magnitude in the Sloan g' passband of 6.69 ± 0.05 at a range of 941.62 km. The Sloan g' magnitude derived in this work for STARLINK-1113 at a range of 941.62 km and an elevation of 33.19 • agrees with the results from a recent study into the impact of satellite constellations on astronomical observations in the optical and NIR (6.7 mag: Figure 8 from Hainaut & Williams 2020) . When scaled to a range of 550 km and to an elevation of 90.0 • , our result shows that the brightness of STARLINK-1113, at a 550 km orbital height, are closer in magnitude to the higher estimations, from models, in the work of (Hainaut & Williams 2020) . To ascertain a ratio between the reflective flux between Darksat and STARLINK-1113, requires the magnitude values are scaled to the same range. We therefore, scale the ranges to the orbital height of 550 km. Scaled to this range, Darksat reflects 55 % ± 4.8 % less solar flux (i.e., 2.2 ± 0.3 times fainter) than STARLINK-1113. This value should be treated with caution though. When scaling to the orbital height, we only took into consideration the change in range and airmass. In reality the solar angle needs to be taken into account. However, this is not possible at present with the data at hand. A solar angle calibration would require the phase-function of the scattered light or the Bidirectional Reflectance Distribution Function (BRDF) of the satellite surface as a function of solar light incidence. The BDRF of Darksat can be estimated by making multiple observations of Darksat along its trajectory in a single pass to obtain reflectance data in combination to surface scattering models (Barnsley et al. 1994) . This would require multiple observations to be conducted over a large section of sky in a relatively short (less than 10 mins) timescale.
The results from this work show that the SpaceX Darksat has a noticeable reduction in reflective solar light in the Sloan g' passband, 55 % ± 4.8 %. Making Darksat invisible to the naked eye, even under optimal conditions. However, this reduction does not come close to the required amount needed to mitigate the effects that low orbital mega-constellation LEO communication satellites will have on ultra-wide imaging exposures from large telescopes, such as, the National Science Foundation's Vera C. Rubin Observatory, formerly known as LSST. To help ameliorate the impacts from ghosting in the ultra-wide imaging exposures, would require a reduction to ≈ 7 % of the reflective brightness of the standard STARLINK LEO communication satellites, approximately down to 8 th magnitude (see LSST Statement). However, Darksat is the first response by SpaceX towards the impacts of mega-constellations LEO communication satellites on both amateur and professional astronomy.
The observations presented in this work, for when Darksat had reached its nominal orbit (2020/03/06) are from a single passband (Sloan g'). At the time of writing, further observations have just been completed at the Chakana 0.6 m telescope at Universidad de Antofagasta's Ckoirama observatory, in Sloan r' and i', whilst on the same nights observations of Darksat and STARLINK-1113 have been conducted in the NIR (J and Ks bands) using VIRCAM 7 (VISTA InfraRed CAMera) on the 4.0 m VISTA telescope, ESO Paranal, Chile. It is envisaged that the new data will provide a measurement in the change of reflectivity of Darksat as a function of wavelength, from the optical to NIR. Repeated observations are being planned for when Darksat will be visible again from northern Chile, including repeated observations using a Sloan g' filter.
